Abstract. This paper deals with landslide hazard analysis using Geographic Information System (GIS) and remote sensing data for Cameron Highland, Malaysia. Landslide locations were identified in the study area from interpretation of aerial photographs and field surveys. Topographical/geological data and satellite images were collected and processed using GIS and image processing tools. There are ten landslide inducing parameters which are considered for the landslide hazards. These parameters are topographic slope, aspect, curvature and distance from drainage, all derived from the topographic database; geology and distance from lineament, derived from the geologic database; landuse from Landsat satellite images; soil from the soil database; precipitation amount, derived from the rainfall database; and the vegetation index value from SPOT satellite images. Landslide hazard was analyzed using landslide-occurrence factors employing the logistic regression model. The results of the analysis were verified using the landslide location data and compared with logistic regression model. The accuracy of hazard map observed was 85.73%. The qualitative landslide hazard analysis was carried out using the logistic regression model by doing map overlay analysis in GIS environment. This information could be used to estimate the risk to population, property and existing infrastructure like transportation network.
INTRODUCTION
Globally, landslides cause approximately 1,000 deaths per year with property damage of about US4 billion. Recently in Malaysia, landslides pose serious threats to settlements and to structures that support transportation and tourism. They cause considerable damage to highways, waterways and pipelines. Most of these landslides occurred on cut slopes or on embankments alongside roads and highways in mountainous areas. Few landslides have occurred near high-rise apartments and in residential areas, causing death to human being. The recent landslides which occurred near the North Klang Valley Express way is a good example of the tropical landslide in Malaysia. In tropical countries like Malaysia most landslides are triggered by heavy rainfall.
Recently, there have been studies on landslide hazard evaluation using GIS, and many of these studies have applied probabilistic methods [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . The logistic regression model has been applied to landslide hazard mapping [18] [19] [20] .
There are other methods for hazard mapping such as geotechnical method and the safety factor method [21] [22] [23] [24] [25] [26] [27] [28] . Landslide hazard evaluation using GIS, data mining using fuzzy logic, and artificial neural network methods have been applied in various case studies [30] [31] [32] [33] .
In this paper, the use of remote sensing data along with other tabular and meta data were used to delineate the landslide hazard mapping for the Cameron highland. Terrain information such as slope, aspect, curvature, distance from drainage, geology, distance from lineament, soil, land cover, Normalized Difference Vegetation Index (NDVI) and precipitation information have been updated to enable the quantification of landslide causative parameters. The qualitative landslide hazard analysis has been carried out using the map overlying techniques in GIS environment.
STUDY AREA
The study (Fig. 1) area which is part of districts of Cameron Highland seeing a rapid development with land clearing for housing estate, hotel/apartment causing erosion and landslides. Cameron Highland is located 30 km from Tapah northwest of Pahang.and is a district of Pahang state which is one of the 13 states of the Federation of Malaysia. This area is dominated by sequence of mountains and hills as part of Titiwangsa Mountain Range between 1280 and 1830 m above sea level. The study area covers an area of 660 square km and is located near the northern central part of peninsular Malaysia. It is bounded to the north by Kelantan, west by Perak. Annual rainfall is very high averaging between 2,500 mm to 3,000 mm per year. The area experiences two pronounced wet seasons from September to December and February to May. The maximum rainfall peaks falls between November to December and March to May. Many landslides have been recorded along stream scouring the sides of the streams.
GEOLOGY AND GEOMORPHOLOGY OF THE STUDY AREA
The geology of the Cameron highland consists of mostly quaternary and Devonian granite. Geologically, this area consists of granitic rock with grain size ranging from medium to coarse. This rock was part of the main range granite, aged Late Mesozoic. The granitoid mountain range forms the highland areas with highest point occur at Gunung Brinchang (2030 m). The granitoid rock was part of batholith intrusion, which formed the main range of Malaysia peninsula. The geomorphology of the area consists of undulating plateau stretching about 12 km towards northern part of the peninsular Malaysia. The study area consists generally of high, rugged mountains and minor narrow intermontane riverine alluvial basins. The highlands are nearly cloud-covered throughout the year. The area is also mainly covered by dense tropical forest and some tea plantations, temperate vegetable and flower farms.
DATABASE CONSTRUCTION USING GIS AND REMOTE SENSING
Application of remote sensing methods, such as aerial photographs and satellite images, are used to obtain significant and cost-effective information on landslides. In this study, 1:25,000 scale aerial photographs were used to detect the landslide locations. These photographs were taken during the period 1981-2000, and the landslide locations were detected by photo interpretation and the locations verified by fieldwork. Recent landslides were observed in aerial photographs from breaks in the forest canopy, bare soil, or other geomorphic characteristics typical of landslide scars, for example, head and side scarps, flow tracks, and soil and debris deposits below a scar. To assemble a database to assess the surface area and number of landslides in the study area, a total of 324 landslides were mapped in a mapped area of 293 km 2 . To apply the logistic regression model, a spatial database that considers landslide-related factors was designed and constructed. These data are available in Malaysia either as paper or as digital maps. The spatial database constructed is shown in Table 1 . There were ten factors that were considered in calculating the probability, and the factors were extracted from the constructed spatial database. The factors were transformed into a grid spatial database using the GIS, and landslide-related factors were extracted using the database. A digital elevation model (DEM) was created first from the topographic database. Contour and survey base points that had elevation values from the 1:25,000-scale topographic maps were extracted, and a DEM was constructed with a resolution of 10 m. Using this DEM, the slope angle, slope aspect, and slope curvature were calculated. In the case of the curvature negative curvatures represent concave, zero curvature represent flat and positive curvatures represents convex. The curvature map was produced using the ESRI routine in Arc View. In addition; the distance from drainage was calculated using the topographic database. The drainage buffer was calculated in 1m intervals. Using the geology database, the lithology was extracted, and the distance from lineament were calculated. The lithology maps have been obtained from a 1:63,600-scale geological map from Mineral and Geosciences Department, Malaysia. Further, lineaments were visually extracted using the SPOT 5 satellite imageries for compliment the linear features obtained from the litho map. The lineament buffer was calculated in 1meter intervals. The lineament buffer was calculated in 10 m intervals. The soil map is obtained from a 1:250,000-scale soil map. Land cover data was classified using a LANDSAT TM image employing an unsupervised classification method and topographic map. The land cover map has been classified into six classes, such as Dense Forest area, Barren land, Agriculture, Rubber, Residential area (Concrete), Sparse Forest area and Residential area (Non-concrete) were extracted for land cover mapping. Finally, the NDVI map was obtained from LANDSAT TM satellite images. The NDVI value was calculated using the formula NDVI = (IR -R) / (IR + R), where IR value is the infrared portion of the electromagnetic spectrum, and R-value is the red portion of the electromagnetic spectrum. The NDVI value denotes areas of vegetation in an image. Precipitation data was interpolated using the meteorological station data for whole Peninsular Malaysia over last 20 years.
Then, the calculated and extracted factors were converted to a 10m × 10m grid (ARC/INFO GRID type). Logistic regression was applied using the database and the spatial relationships between the landslide location and each landslide-related factor were analyzed. Using logistic regression, a formula of landslide occurrence possibility was extracted using the relationships. This formula was used to calculate the landslide hazard index and the index was mapped to represent landslide hazard. The hazard maps were made using the map overlaying techniques using equation (4) . Finally, the maps were verified and compared using known landslide locations and success rates and ratio areas were calculated for quantitative validation. In the study, Geographic Information System (GIS) software, ArcView 3.3, and ARC/INFO 9.0 version software packages and SPSS 12.0 statistical program were used as the basic analysis tools for spatial management and data manipulation. The area grid was 2,418 rows by 1,490 columns (i.e., total number is 3,602,820) and 324 cells had landslide occurrences. Logistic regression allows one to form a multivariate regression relation between a dependent variable and several independent variables. Logistic regression, which is one of the multivariate analysis models, is useful for predicting the presence or absence of a characteristic or outcome based on values of a set of predictor variables. The advantage of logistic regression is that, through the addition of an appropriate link function to the usual linear regression model, the variables may be either continuous or discrete, or any combination of both types and they do not necessarily have normal distributions. In the case of multi-regression analysis, the factors must be numerical, and in the case of a similar statistical model, discriminant analysis, the variables must have a normal distribution. In the present situation, the dependent variable is a binary variable representing presence or absence of landslide. Where the dependent variable is binary, the logistic link function is applicable (Atkinson and Massari, 1998) . For this study, the dependent variable must be input as either 0 or 1, so the model applies well to landslide possibility analysis. Logistic regression coefficients can be used to estimate ratios for each of the independent variables in the model. Quantitatively, the relationship between the occurrence and its dependency on several variables can be expressed as:
where p is the probability of an event occurring. In the present situation, the value p is the estimated probability of landslide occurrence. The probability varies from 0 to 1 on an Sshaped curve and z is the linear combination. It follows that logistic regression involves fitting an equation of the following form to the data: Using the logistic regression model, the spatial relationship between landslide-occurrence and factors influencing landslides was assessed. The spatial databases of each factor were converted to ASCII format files for use in the statistical package, and the correlations between landslide and each factor were calculated. There are two cases. In the first case, only one factor was used. In this case, logistic regression mathematical equations were formulated for each case. The coefficient is shown in Table 2 . Finally, the probability that predicts the possibility of landslide-occurrence was calculated using the spatial database, data from Table  2 , equations (1) and (2) . In the second case, all factors were used. In this case, logistic regression mathematical equations were formulated as shown in equations (1) and (3) Table 2 and n z is a parameter).
Using formula (1) and (2), the possibility of landslide occurrence were calculated and using the various possibility, eight landslide hazard maps were made. Among the derived eight cases a map, a final hazard map was produced using all factors and equations (1) and (3), for each cases. The hazard map then classified into 10 equal area classes in GIS. Out of the 10 equal area classes the first 10% of the area represented as "very high hazardous area". Then the next 10% of the area was classified as "high hazardous area". Similarly, the remaining 40% of the total equal area was classified as "moderate hazardous area". Finally, the rest 40% of the area is classified as "no hazardous area". The classified final hazard map is shown in Fig. 2 . 
VERIFICATION OF THE MODEL
For validation of landslide hazard calculation models, two basic assumptions are needed. One is that landslides are related to spatial information such as topography, soil and land cover, and the other is that future landslides will be triggered by a specific factor such as rainfall. In this study, the two assumptions are satisfied because the landslides were related to the spatial information and the landslides were triggered by heavy rainfall in the study area.
The landslide hazard analysis result was validated using known landslide locations. Validation was performed by comparing the known landslide location data with the landslide hazard map. The rate curves were created and its areas of the under curve were calculated for all cases. The rate explains how well the model and factor predict the landslide. So, the area under curve in can assess the prediction accuracy qualitatively. To obtain the relative ranks for each prediction pattern, the calculated index values of all cells in the study area were sorted in descending order. Then the ordered cell values were divided into 100 classes, with accumulated 1% intervals. The rate verification results appear as a line in Fig. 3 . In the case of logistic regression model used, 90 to 100% (10%) class of the study area where the landslide hazard index had a higher rank could explain 51% of all the landslides. In addition, the 80 to 100% (20%) class of the study area where the landslide hazard index had a higher rank could explain 76% of the landslides. To compare the result quantitative, the areas under the curve were re-calculated as the total area is 1 which means perfect prediction accuracy. So, the area under a curve can be used to assess the prediction accuracy qualitatively. In the case of logistic regression model used, the area ratio was 0.8573 and we could say the prediction accuracy is 85.73%.
CONCLUSIONS AND DISCUSSION
In the present study, logistic regression model was applied for the landslide hazard mapping for Cameron highland. The validations results show that the logistic regression model has predication accuracy of 85.73%.
The logistic regression model requires conversion of the data to ASCII or other formats for use in the statistical package, and later re-conversion to incorporate it into the GIS database. Moreover, it is hard to process the large amount of data in the statistical package. In the case of a similar statistical model (discriminant analysis), the factors must have a normal distribution, and in the case of multi-regression analysis, the factors must be numerical. However, for logistical regression, the dependent variable must be input as 0 or 1, therefore the model applies well to landslide occurrence analysis.
Recently, landslide hazard mapping has shown a great deal of importance for suitable urban developments. The results shown in this paper can help the developers, planners and engineers for slope management and land-use planning. However, one must be careful while using the models for specific site development. This is because of the scale of the analysis where other slope factors need to be considered. Therefore, the models used in the study are valid of generalized planning and assessment purposes. 
